After damage rapid and accurate guidance is necessary to safely recover vessels. An improvement in the understanding of ship behaviour after damage will increase chances of recovery of the vessel and safety for the ship crew and cargo, with corresponding benefits to the maritime environment. Whilst a number of studies have investigated static behaviour of damaged ships with permeability previous research at forward speed considers the damaged compartment to be empty. Novel aspects of this research include the study of a variety of permeabilities and internal arrangements of the damaged compartment for a ship moving in waves.
Introduction
The marine industry is always striving towards increased ship safety but due to the unpredictable nature of sea voyages, both from environmental factors and human intervention, ship damage continues to occur. Damage to ships can lead to loss of life and/or cargo but also leaves the vessel in a state where it can cause damage to the marine environment and from which salvage is expensive. In an effort to increase safety and to reduce the cost and environmental impact of damage, it is important to understand the likely behaviour of a damaged vessel in order to provide guidance to crew, owners and salvage teams.
A vital component of such guidance for damaged ship scenarios is to determine how compartment permeability affects the vessel so that crews and emergency response teams have a "rule of thumb" for emergency response scenarios. In this study, therefore, the effect of compartment permeability on vessel motion is investigated experimentally for a model-scale frigate with damage.
In Ruponen (2007) , the flooding process that follows the creation of the damage opening can be divided into three main phases reiterated by the IMO (2003) .
Immediately after the occurrence of damage, there is a phase of transient flooding as the water rushes in through the damage opening. If the opening is large and is located on the side of the ship, this floodwater is likely to cause a large transient heeling moment.
The possibility of the ship capsizing is high, due to the sudden loading, and therefore the time to capsize can be short, from only a few seconds to a few minutes. In the case of a small damage opening or for bottom damage, the transient phase is likely to be insignificant as the heeling angle will increase more slowly.
Following the transient phase there is a phase of progressive flooding as the water floods to undamaged compartments through internal openings between compartments, causing water levels in the flooded compartments to rise steadily. Moreover, the pressure of the floodwater may cause leaking through closed doors or even lead to collapse of internal structures. At this stage the crew are likely to be concentrating on securing the safety of the vessel and general guidance into how the vessel will behave in the damaged condition is likely to be of value.
After this initial period, usually of 24 to 48 hrs, it is hoped that the vessel will have reached a quasi-static period until conditions change. It is at this stage where calculations will be used to determine the safety of the vessel and although information about the vessel and its damage may still be scarce, more informed decisions can be made. Finally, after a period of days or weeks the recovery of the vessel can start and calculations with larger computational times are now useful, together with more complete information on the vessel's status. It is during this period that salvage experts can determine the safest method by which to recover the vessel. The method that is cheapest and has least impact on the environment during recovery is allowing the vessel to recover under its own propulsion, this is followed, in order of cost and risk to the environment, by towing the vessel home, carrying on the back of another vessel and finally salvage at sea. It is of growing importance that the motions of these damaged vessels whilst underway are understood. Reports of a large oil spill off the Korean peninsula in December 2007 predict that damage to the environment could have been reduced if she had been given clearance to move, Yang et al. (2009) . Suyuthi et al. (2013) investigated the fatigue of damaged ship hulls in the static condition but indicate the benefits of studies with forward speed. The more information available on how the vessel will behave in the damaged state the greater the likelihood of selecting the optimal method of recovery.
Damaged ship research has aimed to investigate the flooding process in its entirety by dividing the process into transient, progressive and steady state flooding phases. Vredeveldt, et al. (2000) discussed increasing the crashworthiness of a ship's side structure by reducing the permeability of the void spaces (compartments) in the side hull. This had the effect of reducing the roll of a damaged ship by restricting the sudden water ingress. Chan et al. (2001) showed that for a damaged Ro-Ro ship, the most critical condition is when she is in quartering seas. This work was extended in papers by Chan et al. (2002) and Korkut et al. (2003 Korkut et al. ( , 2004 where Korkut et al. (2004) provides an excellent survey of experiments performed up until that point. Palazzi and de Kat (2002) attempted to simulate the transient response of a damaged vessel in roll both through experiments and computational methods, investigating the feasibility of simulating the transient response at model scale. Lee et al. (2007) developed a model to show the dynamic behaviour of a damaged ship in waves testing a model in three scenarios: engine room bottom damage, side shell damage and bow visor damage of a Ro-Ro ship all with 100% permeability. Santos and Soares(2006) presented a theory coupling ship motions with water on deck in the time domain, concluding that often the damage has an adverse and non-linear effect on the structural loading and that the behaviour of the pressure values on the bulkheads are complex. Santos et al. (2002) showed, with a Ro-Ro shaped barge, that an accumulation of water can occur near the damage opening when permeability is added to a compartment. This accumulation causes a transient heel, which becomes more important as the damage opening area increases. Eventually, if the damage size is sufficiently large and the barge has a Ro-Ro deck located relatively near the waterline, the deck edge may become immersed and flooding of that deck initiated. Ruponen et al. (2007) showed that accurate simulations can be developed to predict the floating position and water heights in the compartments providing that the discharge coefficients are known. Ruponen et al.
(2010) went on to show that when real permeabilities were also included that the results were an even better match. It should be noted that for these results a small damage hole was used and therefore the results were more sensitive to discharge coefficient than for a larger value. Van't Veer et al. (2002) investigated a time to sink criteria based on a capsize criteria using 125 simulations of a large passenger ship incorporating permeability. The results show, for small sea states, that after the vessel have recovered from its first roll the mean angle does not change significantly and no capsize will occur.
A rescue capsize of 12° is investigated and this criteria is met in all sea states of 6.5m and above and no 90° capsize occur in any runs. This is supported by Lee et al. (2012) who performed experimental roll decay tests on intact and damaged vessels showed that the roll motions decreased rapidly during damage scenarios. Zhang et al. (2013) compared experiments with smooth particle hydrodynamics for sinking ships with empty compartments giving a good comparison but highlighting the nonlinearity and randomness of their experiments. Santos and Guedes Soares (2008a) applied computational fluid dynamics with shallow water theory to their simulation. This method does not have the inaccuracies associated with hydraulic models when simulating flooding dynamics. Furthermore, Santos and Guedes Soares (2008b) showed that for some damage conditions that the shear force and bending moment can be higher during flooding than after this has finished. This led to Santos and Guedes Soares (2009) investigating the influence of the flood water on the roll motion during and after the transient phase. It was found that after the initial transient phase flow rates into compartments below the main deck remain significant. It was also shown that the vessel changes its dynamic performance when in waves and that the roll motion is damped when flooded. The effects of roll were further investigated by Schreuder et al. (2011) using different wave seeds and varying wave heights to study capsize boundaries. The results show that there is a limited wave height below which the probability of capsize is so low to be negligible to those in which there is a high probability after only a short time period. Wood et al (2009) Gao and Vassalos (2011) and Gao et al. (2012 Gao et al. ( , 2013 have used a RANS based CFD solver to evaluate damaged ships, first demonstrating the suitability of the method and then investigating phenomena related to damage including sloshing, which is alleviated by damage, and roll decay of a Ro-Ro ferry and its behaviour in beam seas.
Despite these efforts, there are still relatively few data sets available for experiments on damaged ship structures to enable the verification of modelling tools and, in the short term, provide guidance for damaged vessels; this is especially limited for cases with forward speed. The aim of this research, therefore, is to study how variations of compartment permeability and internal arrangement (configuration), together with orifice size, affect the damaged vessel motion response to waves.
Experimental Procedure

Experimental Setup
Tests were conducted in a towing tank 60m long, 3.7m wide and 1.86m deep with a maximum carriage speed of 4.5ms -1 . Unidirectional (long-crested) waves were generated using a single, motor-driven, paddle wavemaker. Wave reflections from the absorption beach have previously been measured using the technique of Isaacson (1991) as less than 10%.
To facilitate measuring the elevation of waves produced, a resistance-type wave probe, with a length of 0.42m was used throughout. Wave elevation was sampled at 100Hz using a DaqView data acquisition system. Heave response is measured using a linear potentiometer attached to the tow post and pitch response obtained from a rotary potentiometer in the tow fitting in the model, the model is constrained in all other four degrees of freedom. The model is ballasted to the required mass using weights distributed appropriately in each segment such that the stated pitch gyradius is achieved. Empty 330ml containers were used to simulate different compartment permeabilities during the experiments with different numbers of cans being placed to represent machinery, furniture and other obstructions within the compartments. Modifications were made to one segment of the ship hull to replicate damage. For this study, the second segment from the stern, which is 63.5cm in length and 63.5cm from the stern, was chosen as the damaged compartment.
Coefficient of Discharge (C d ) for Damage Orifice
Two damage sizes were tested in this study. The first is a circular hole of diameter 10.2cm and the second is a rectangular hole, orientated lengthways along the hull, of length 8.9cm and breadth, 5.1cm. These holes were placed with their centre 84.7cm from the stern of the vessel, 21.2cm from the back of the compartment, and 1.6cm from the centre line on the port side. The discharge coefficient was investigated as it can be used to describe all the pressure losses that are caused by an opening and is related to the flooding period. By employing a draining test as in Ruponen (2006), and an assumption that the waterplane area remained constant during the total duration of discharge, the discharge coefficients for each damage orifice were calculated as,
where S=1729.49 2 is the area of the free surface in the compartment designated for damage, A is the area of the perforation made in the hull (damage area), g is acceleration due to gravity, 1 = 19cm is the initial water height from the level of perforation, 2 = 10cm is the height after the test, and T is the draining time between the two water levels. The results of these tests are included for interest, which was repeated three times for each damage case, are shown in Table 2 , together with the damage areas. There is a large variation in the results for the coefficient of discharge, as the time for discharge for the circular hole was so short however, the results show a reasonable approximation for holes of this size and shape as shown in Li et al. (2013) .
Experimental Procedure
Procedures recommended by The International Towing Tank Conference (ITTC, 2011) were used where Table 3 assesses the conformity of experiments to the general guidelines for data acquisition and towing tank practice and Table 4 presents the recommended procedures specifically designed for seakeeping experiments. In all cases it is seen that the experiments were conducted according to current ITTC guidelines.
In total, eighty test runs were made with 20mins between each test and each case was run twice. Where a result acquired did not conform to the trends found, the test was rerun. Tests were conducted at zero speed and 1.4m/s model scale representing the service speed of the vessel, 18 knots. The model was tested in regular waves for a range of encounter frequencies and a wave height to wave length ratio of 0.02 (1/50) to represent the different sea states the frigate might encounter. The test wave frequencies are shown in 
Model Configurations
Permeabilities tested are based on the ITTC (2011) recommended, Procedure 7.5-02-07-04.2, volume permeabilities for model tests on damage stability.
(1) Void spaces : 100% Tests commenced with an intact case where the opening in the damaged compartment was sealed as a baseline. This was followed by 100%, 80% and 70% permeability tests in which the seal was removed, the ship model was flooded and the towing began after flooding had occurred and the vessel had stabilised. Tests to investigate the effect of internal arrangement on damaged ship response were conducted at different configurations for the case of 80% permeability, for a circular damage opening and at zero speed. The tests using the rectangular hole were conducted at both zero and forward speeds, and 70% permeability.
For the 80% permeability case, three internal arrangement configurations were tested at zero forward speed. Configuration (1) Figure 4 below.
Results
Experimental Verification
Denchfield (2011) The pitch response at a wave frequency around 0.6 rad/sec is higher in the current experiments.
Variation in Compartment Permeability
Having verified the experimental procedure it is possible to determine the manner in which ship compartment permeability affects the motions of the vessel. Figure 7 presents pitch RAO for a range of full scale encounter frequencies for both the intact ship and range of compartment permeabilities tested at zero (Figure 7a ) and forward speed (Figure 7b ), where configuration 1 is used for the 80% permeability. From Table   6 it is possible to see the variation between the two runs in the experiment, where the highlighted cells demonstrate a low repeatability, taken here as a difference of more than 10% between repeated experimental runs.
Overall, a generally low level of variability can be seen for the zero speed condition, especially in the intact case, where the difference between runs is within 5% for all frequencies and 2% for most. For the damaged ship cases, the variability is under 10%
for all frequencies with a 70% permeability. For 100% and 80% compartment permeability the variation is greater -particularly for the 80% case.
Examples of the time traces in heave and pitch for the damaged ship with zero speed and a 70% compartment permeability and for an encounter frequency of 0.66 rad/sec For the cases with forward speed, the variation between runs is greater for all conditions.
The low frequency results for no damage exhibit a variation under ~6%. After examining the time traces for each run, it is unclear why the variation between runs is greater in some cases than in others. It is proposed that the variation may be due to the dynamics of the floodwater in the compartment, but this is not apparent in the response traces in heave and pitch. In order to investigate this further would require measurement of the floodwater dynamics, itself a challenging problem and outside the scope of this initial investigation. There is a slight 'beat' effect seen in the wave trace which appears to correspond to a similar 'beat' in the traces for heave and pitch response. It is thus likely that this effect seen in the heave and pitch response is due to the encountered waves and not to any non-linear behaviour ascribed to the floodwater dynamics.
Looking at the values of the RAOs, for the zero speed cases (Figure 7a) , the difference between permeabilities is small, with the exception of the value for 100% permeability at an encounter frequency of 0.660 rad/sec. However, this frequency corresponds to the greatest variability between runs at this permeability.
For the forward speed cases (Figure 7b ), there are much greater differences between the different values of permeability. The results for 70% permeability are distinctly different to those for all other cases; however this case is characterised by the greatest overall variability between runs. In general the compartment permeability affects the pitch response most in a region close to the pitch natural frequency. Figure 14a presents the heave RAOs at zero speed where the values for different permeabilities are in close agreement. Variability between the two runs for each case tested at zero speed, shown in Table 7 , is generally good, with all but the highest frequency tested being within 10%. With forward speed the variability once again increases, as can be seen from Table 7 . In this case the intact condition is again the most repeatable, with results for only one frequency exhibiting a difference of more than 10%.
For the 100% permeability case, all frequencies tested result in a relatively large difference between the runs. For 80% and 70% compartment permeabilities the results are similar. That is, all but the lowest test frequency exhibit more than 10% difference between repeated runs. These results are similar to those obtained in pitch, as would be expected.
From figure 14b , it may be observed that the heave RAO does not change much between the different compartment permeabilities, with the possible exception of the 70% permeability case, where there is a larger difference. However, as noted, this is also the compartment permeability that exhibits the most variability between runs. The differences between responses with repeat runs may be due to the vessel encountering slightly different wave properties from one run to the repeat run, causing differences in response. These differences may be magnified by the effects of forward speed and floodwater on the vessel response. When compared to the pitch responses, there is less change in response between the different compartment permeabilities.
Variation in Internal Arrangement
Having determined that the permeability of a compartment affects the responses of a ship in waves, it is important to investigate how the arrangement of the objects in the compartment affects the ship behaviour. Figure 15 illustrates the pitch and heave responses for the vessel against zero speed, for the case having 80% compartment permeability and the three compartment configurations described in section 2.4. The results show a close agreement between all of the configurations tested, suggesting that in this case the internal arrangement of the damaged compartment does not affect the ship motions following damage.
Variation in Damage Orifice Size
It is also important to determine the manner in which the orifice size might affect the responses of the ship, following a damage event and flooding. To this end, the pitch RAOs for the damaged ship, with zero and forward speed are shown in figure 16 for 45.39cm 2 and 81.71cm 2 damage orifices. From these results, it appears that there is little difference in pitch RAO at zero speed for the different orifice sizes. However, when the vessel is travelling with forward speed, there is a large difference observed between the two cases investigated. This is replicated for the heave results shown in figure 17.
Discussion
The results obtained in this investigation and presented in section 3 have been compared to those of Korkut et al. (2004) , where motion response tests were carried out on a small-scale model of a Ro-Ro vessel in regular waves for both intact and damaged conditions. The objective of the study was to explore the effect of the damage and wave heights on the model responses. The model was tested at zero speed in both intact and damaged conditions. Six degrees of freedom motion responses of the stationary model were measured over nine different wave frequencies and three different wave heights at each frequency for the head, beam and quartering sea conditions. Figure 18 , taken from Korkut et. al. (2004) , shows that the heave motion response of the intact model in head seas does not display any significant differences between the intact and damaged conditions. Figure 19 , comparing the pitch motions for the intact and damaged ship model similarly indicates only small differences between the two conditions. Whilst the test conditions for Korkut et al. (2004) are not the same as those of this study, as they use empty compartments and do not account for permeability; it is useful to compare the results. In comparing Figures 7 and 14 to figures 18 and 19, it can be seen that for both sets of results at zero speed there is little difference between the intact and damaged ship motions. However, the present study highlights the potential for these differences to be greater when the ship is travelling with forward speed. The change in behaviour may, at least to some extent, be caused by the permeability of the compartment it should be noted that the experimental results of Korkut et al. pertain to a Ro-Ro ferry whereas the present work is for a naval frigate creating differences in response. Whilst many damaged ships may stay stationary post-damage to reduce economic and environmental impact, or if the damage is too severe to allow movement, in many circumstances it may be beneficial to tow a vessel or indeed let it return to port under its own power such as in the case highlighted by Yang et al. (2009) . The present study therefore indicates that it is important to investigate further the effects of damage on ship motions at forward speed. Given the close relationship between ship motions and structural loading, this is also important for assessing the strength of the ship in the damaged condition. As part of any future work, section 3.4 indicates that the size of the orifice must also be included. The present study indicates that the internal arrangement within a flooded compartment is of less importance but that relevant permeabilities for the compartment should be taken into account, as supported by Leblanc (2011).
Conclusions
Experiments have been performed into the effects of compartment permeability, internal arrangement and damage orifice size on the response of a vessel in waves, using a segmented model. The effects of these different parameters on pitch and heave responses were investigated at zero and forward speed. As a result of these experiments, the following conclusions can be drawn:
i. Compartment permeability does not appear to have a significant effect on the pitch and heave responses at zero speed, in agreement with the previous research Santos et al. (2002) and Korkut (2004);
ii. Compartment permeability has a greater effect on pitch and heave responses when the vessel is travelling at forward speed;
iii.
Whilst tests on the intact vessel show good repeatability, the variation between nominally identical tests is larger than would be expected for the damaged vessel. It remains unclear as to why this is the case and therefore this requires further investigation and more detailed experimentation.
Internal arrangement appears to have only a minimal effect on pitch and heave responses for frigate type vessels travelling at forward speed;
iv.
Damage orifice size has a more significant effect on pitch and heave responses at forward speed.
Whilst this study does not provide a comprehensive data set, it does highlight interesting behaviour and provide evidence that further investigations should be made into damaged vessel responses, especially at forward speed. This is particularly important given the potential for reducing the impact of damage if vessels can move. If this is the case modelling the loads to assess the consequences for the strength of ships following a damage event will become even more important.
Guidance is given on the direction future investigations should take in an area of current interest as highlighted by recent publications (e.g. Begovic et al. (2013), Gao and Vassalos (2012) and Gao et al. (2011 Gao et al. ( , 2013 ). Therefore, it is hoped that this study will provide a further step in reducing the environmental and economic impact of vessel recovery by providing guidance to crews and emergency response specialists. 
